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Introduction {#s1}
============

Lung cancer is the most prevalent malignant tumor that represents one of the leading causes of global cancer-associated death and non-small cell lung carcinoma (NSCLC) captures almost 85% of all lung cancers [@pone.0114607-Jemal1], [@pone.0114607-Ramalingam1]. Despite considerable advances in lung cancer therapy including surgery, radiotherapy and chemotherapy, the prognosis for patients having lung cancer is still poor, with less than 15% of overall 5-year survival rate [@pone.0114607-Jemal1]. Especially, chemotherapy using platinum compounds or platinum-based combinations is the most frequently used lung cancer therapy and is considered to be the optimal treatment in patients having advanced-stage NSCLC [@pone.0114607-Ramalingam1], [@pone.0114607-Reck1]. However, the efficacy of chemotherapy in patients with advanced lung cancer is extremely limited, due to drug resistance and toxic side effects of drugs [@pone.0114607-Ramalingam1], [@pone.0114607-Reck1]. Thus, it is crucial to develop less toxic and more effective chemotherapeutic agents for treating advanced lung cancer patients.

In recent years, plant-derived natural products have received extensive attention as main sources of new drugs for reducing chemotherapy-associated side effects and they exert their anticancer effects by triggering apoptosis and autophagy [@pone.0114607-Cragg1]--[@pone.0114607-Zhang1]. Recent studies have demonstrated that several plant-derived natural products, including plumbagin [@pone.0114607-Gomathinayagam1], glossogin [@pone.0114607-Hsu1], curcumin [@pone.0114607-Wu1], celastrol [@pone.0114607-Mou1], isolinderalactone [@pone.0114607-Chang1], glycyrrhizin [@pone.0114607-Huang1], polydatin [@pone.0114607-Zhang2], 6-shogaol [@pone.0114607-Warin1], glycyrrhetinic acid [@pone.0114607-Song1] and embelin [@pone.0114607-Avisetti1], induce apoptosis through the intrinsic and/or extrinsic pathway and activation of p38/JNK pathway in human lung cancer cells. In addition, 6-shogaol caused cell death through autophagy induction by the inhibition of the AKT/mTOR pathway in human NSCLC A549 cells [@pone.0114607-Hung1] and paclitaxel and feroniellin A exerted their cytotoxic effects by inducing both autophagy and apoptosis in human lung cancer A549 cells [@pone.0114607-Xi1], [@pone.0114607-Kaewpiboon1].

*Paulownia tomentosa* Steud. (Scrophulariaceae) is deciduous tree distributed throughout China, Korea, and Japan [@pone.0114607-Asai1] and extracts from *P*. *tomentosa* have been used to relieve bronchitis, asthmatic attacks and phlegm in traditional Chinese medicine [@pone.0114607-Schneiderov1]. Previous studies demonstrated that *C*-geranylated flavonoids, the main bioactive constituents of *P. tomentosa*, have neuroprotective effects, antiradical and antibacterial activities [@pone.0114607-mejkal1]-[@pone.0114607-Navrtilov1]. In addition, *C*-geranylated flavanones from *Paulownia tomentosa* fruits exhibited strong cytotoxic activity in various human cancer cell lines [@pone.0114607-mejkal3], [@pone.0114607-mejkal4]. It has also been recently reported that geranylated flavanone tomentodiplacone B directly inhibits cell proliferation by down-regulation of cyclin-dependent kinase 2 activity, leading to G1 phase accumulation in THP-1 human monocytic leukaemia cells [@pone.0114607-Kollr1]. However, the underlying mechanism responsible for antitumor activity of geranylated flavonoids is not well elucidated.

We have recently isolated a compound belonging to *C*-geranylated flavonoids, mimulone (MML), from the *Paulownia tomentosa* fruits. In the present study, we firstly examined the anticancer effects of MML on human lung cancer cells and also clarified its mechanism of action. We demonstrate here that MML triggers autophagy preceding apoptosis in human NSCLC A549 cells, and autophagy inhibition decreases apoptosis in MML-treated cells.

Materials and Methods {#s2}
=====================

Materials {#s2a}
---------

Monodansylcadaverine (MDC), 4′, 3-methyladenine (3-MA), chloroquine (CQ), compound C (comp C) and 6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Z-VAD-FMK (pan-caspase inhibitor), Z-DEVD-FMK (caspase-3 inhibitor), Z-IETD-FMK (caspase-8 inhibitor) and Z-LEHD-FMK (caspase-9 inhibitor) were obtained from Calbiochem (EMD Biosciences, San Diego, CA, USA). 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), DAPI, puromycin-dihydrochloride and chloroquine (CQ) were dissolved in dH~2~O. 3-MA (100 mM), poly-L-Lysine (0.1%) and polybrene (20 mg/ml) dissolved in phosphate buffered saline (PBS). Pifithrin-α (PFT-α), compound C (comp C) and MDC were dissolved in dimethyl sulfoxide (DMSO). Antibodies for ATG7, Beclin-1, LC3, caspase-3, caspase-8, caspase-9, Bid, p-p38, p38, p-AMPK-α, AMPK-α, p-ACC, ACC, p-mTOR, mTOR were obtained from Cell Signaling Technology (Dancers, Mass, USA); antibodies for PARP-1/2, p53 (DO-1), p-ERK and ERK were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA); antibody for p62/SQSTM1 was purchased from Sigma-Aldrich (St. Louis, MO, USA); antibody for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was obtained from Millipore (Milford, MA, USA); Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Cell signaling Technology (Dancers, Mass, USA) and Enzo Life Science (Farmingdale, NY, USA), respectively; Fluorescein isothiocyanate (FITC)-conjugated secondary antibody was obtained from Vector Laboratories (Burlingame, CA, USA). Annexin V-FITC apoptosis detection kit and BCA protein assay kit were purchased from BD Biosciences (San Jose, CA, USA) and Thermo (Rockford, IL, USA), respectively. MML ([Fig. 1A](#pone-0114607-g001){ref-type="fig"}) isolated from *P. tomentosa* fruits was prepared as described in previous report [@pone.0114607-Kim1], dissolved in DMSO at 40 mM for stock concentration, and stored at -20°C.

![The molecular structure of MML and its cytotoxic effects on various cancer cell lines.\
(A) Molecular structure of the mimulone. Various human cancer cells, non-small cell lung cancer A549 (B), breast cancer MCF7 (C), colon cancer HCT116 (D) and osteosarcoma U2OS (E) cells were treated with the MML as indicated concentrations (0-80 µM) for 12 h or 24 h and then cell viability was measured by MTT assay. Bar graphs indicate the percentage of viability. (F) A549 cells were treated with the MML at various concentrations (0-80 µM) for 24 h and viable cells were counted by trypan blue staining. Live cells (non-stained cells) were calculated using hemocytometer and bar graph indicates the percentage of viable cells. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control.](pone.0114607.g001){#pone-0114607-g001}

Cell cultures {#s2b}
-------------

Human non-small cell lung carcinoma A549, human breast adenocarcinoma MCF-7, human colorectal carcinoma HCT116 and human osteosarcoma U2OS cell lines were purchased from American Type Culture Collection (Rockville, MD, USA). Cells were maintained in Dulbecco\'s modified Eagle\'s medium (DMEM; WelGENE Co., Daegu, Korea) containing 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 1% PSA (WelGENE Co., Daegu, Korea) at 37°C in a humidified atmosphere of 5% CO~2~ in air.

Cell viability {#s2c}
--------------

For analysis of cell viability, MTT assay was carried out by a procedure similar to that described previously [@pone.0114607-Lee1]. Briefly, cells were seeded in 24-well plate (5×10^4^ cells/well) and grown for 24 h. The cells were then treated with MML at different concentrations (0-80 µM) for 24 h or treated with 60 µM of MML for different time courses (0-24 h). After MML treatment, cells were incubated with medium/MTT (0.5 mg/ml) mixture for 3 h. DMSO was added to dissolve the reduced formazan crystal from MTT and absorbance was read at 540 nm using ELISA plate reader (Bio-Rad, Hercules, CA, USA). To confirm the effect of MML on cell proliferation, live cells were counted by trypan blue staining according to the manufacturer\'s instructions. In brief, A549 cells were plated in 12-well plate and treated with MML as indicated concentrations for 24 h. After treatment, cells were harvested using trypsin-EDTA (WelGENE Co., Daegu, Korea) and stained with 0.4% trypan blue solution (Gibco, Carlsbad, CA). Living cells were counted by hemocytometer. Cell viability was shown relative to the control.

Protein extraction and western blot analysis {#s2d}
--------------------------------------------

Whole-cell protein extracts from A549 cells were prepared with a RIPA buffer (Pierce, Rockford, IL, USA) containing protease inhibitor mix (GE Healthcare, Piscataway, USA) and phosphatase inhibitor cocktail (Thermo, Rockford, IL, USA). Proteins from whole-cell lysates were quantified using BCA protein assay kit according to the manufacturer\'s instructions. Western blot analysis was carried out as described previously [@pone.0114607-Lee1]. Enhanced chemiluminescence (ECL) detection system (Amersham Bioscience, NJ, USA) was used to detect signal and signal intensity of detected protein bands were measured using Scion Image Instrument (Scion Co., Frederick, MD, USA). Equal loading was assessed by GAPDH as internal controls for Western blotting.

Immunocytochemistry {#s2e}
-------------------

Immunofluorescence staining was carried out by a similar procedure as previously described [@pone.0114607-Lee1]. In brief, A549 cells were cultured on sterile coverslips and treated with MML for 24 h, and then fixed with 3% paraformaldehyde (PFA) for 15 min at 37°C. Next, permeabilization step was carried out with chilled methanol (100%) for 10 min at −20°C and then cells were subsequently incubated in a blocking solution containing 5% bovine serum albumin (BSA) and 1% Triton-X 100 for 1 h at 37°C. Cells were then incubated with the LC3 antibody for 12 h at 4°C followed by FITC-conjugated secondary antibody for 1 h at 37°C. Nuclei were stained with DAPI (1 µg/ml) for 10 min at 37°C. Fluorescence images were captured by LSM 700 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).

MDC staining {#s2f}
------------

MDC staining was also carried out by a procedure similar to that described previously [@pone.0114607-Lee1]. Cells were fixed with 3% PFA for 10 min at 37°C, and then incubated with 50 µM monodansylcadaverine (MDC), an autofluorescent compound that labels autophagic vacuoles at 37°C for 10 min. Fluorescent images were captured by Olympus BX51 fluorescence microscope (Center Valley, PA, USA).

Annexin V and PI staining {#s2g}
-------------------------

Cells were treated with as indicated concentrations of MML and/or inhibitors (caspase inhibitors, 3-MA, PFT-α) for 24 h, and harvested using trypsin-EDTA. After staining with FITC-conjugated Annexin V and propidium iodide (PI), apoptotic cells were measured using Beckman-Coulter Cytomics FC500 flow cytometer (Beckman-Coulter, Miami, FL, USA).

RNA interference {#s2h}
----------------

pLKO.1 lentiviral expression plasmid containing shRNA against Beclin-1 (TRCN0000033552) and p53 (TRCN0000003753), (Beclin-1;5′-CCGGCTCAAGTTCATGCTGACGAATCTCGAGATTCGTCAGCATGAACTTGAGTTTTTG-3′, p53;5′-CCGGCGGCGCACAGAGGAAGAGAATCTCGAGATTCTCTTCCTCTGTGCGCCGTTTTT-3′) were purchased from Sigma-Aldrich (Mission shRNA). Viral particles were generated in 294T according to the manufacturer\'s instructions. In brief, cells were transfected with pLKO.1 shBeclin-1, VSVG and Gag vectors. Viral soup was then injected to A549 cell and incubated for 12 h. Virus-infected A549 cells were selected by Puromycin-dihydrochloride treatment and selected cells were used for experiments. pLKO.1 shRNA control vector (Mission shRNA, SHC002) is used as control.

Statistical analysis {#s2i}
--------------------

All data are expressed as means ± SEM of three independent experiments in each group. The differences between each groups were evaluated with Student\'s *t*-test and \*p\<0.05 was considered to show statistical significance.

Results {#s3}
=======

Effect of MML on cell viability of various human cancer cell lines {#s3a}
------------------------------------------------------------------

To assess the effects of MML on cell growth of various human cancer cell lines, human lung cancer A549 ([Fig. 1B](#pone-0114607-g001){ref-type="fig"}), human breast cancer MCF-7 ([Fig. 1C](#pone-0114607-g001){ref-type="fig"}), human colon cancer HCT116 ([Fig. 1D](#pone-0114607-g001){ref-type="fig"}) and human osteosarcoma U2OS ([Fig. 1E](#pone-0114607-g001){ref-type="fig"}) cells were treated with MML at different concentrations for 12 h or 24 h and then followed by MTT assays. MTT assay results showed that MML treatment significantly inhibited cell proliferation in a dose- and time-dependent way in these cancer cell lines. To further check the effect of MML on cell proliferation of A549 cells, cells were treated with MML at different concentrations for 24 h and then subjected to trypan blue staining. The result revealed a significant inhibition of cell proliferation by MML treatment in a dose-dependent way ([Fig. 1F](#pone-0114607-g001){ref-type="fig"}).

MML triggers caspase-dependent apoptosis in A549 cells {#s3b}
------------------------------------------------------

To determine whether MML-induced cytotoxicity in A549 cells was due to apoptosis, after MML treatment at different concentrations for 24 h or 60 µM of MML treatment for different time periods, apoptotic population was analyzed by Annexin V/PI double staining. Annexin V/PI-positive cells were markedly increased in a dose- and time-dependent way ([Fig. 2A--C](#pone-0114607-g002){ref-type="fig"}) indicating the apoptotic effect of MML on A549 cells. Flow cytometric analysis also revealed that MML treatment increased accumulation of cells at the apoptotic sub-G1 phase in a dose-dependent manner. The number of cells at G2/M phase also increased in a dose-dependent manner ([S1 Figure](#pone.0114607.s001){ref-type="supplementary-material"}). To further confirm the effect of MML on the induction of apoptosis in A549 cells, caspase-3 activation and poly (ADP-ribose) polymerase (PARP) cleavage were investigated by immunoblotting with their antibodies. Caspase-3, a key executioner in the apoptotic machinery, cleaves many proteins indispensable for cell survival and is activated through cleavage into two fragments (17 kDa and 19 kDa) by caspase-8 and/or caspase-9 during apoptosis [@pone.0114607-Elmore1], [@pone.0114607-Boatright1]. Activated caspase-3 subsequently cleaves cellular proteins, including PARP, which leads to apoptotic cell death. PARP plays a vital role in maintaining genomic integrity and is the major protein to be proteolyzed by caspase-3 during apoptosis [@pone.0114607-Boatright1]. As shown in [Fig. 2D](#pone-0114607-g002){ref-type="fig"}, caspase-3 and PARP cleavages were distinctly increased after 60 µM of MML treatment for 24 h, indicating that MML induced apoptosis through caspase-3 activation and PARP cleavage in A549 cells. Caspase-8 and caspase-9 play crucial roles in induction of apoptosis through the death receptor-mediated (extrinsic) and the mitochondrial (intrinsic) pathways, respectively [@pone.0114607-Elmore1], [@pone.0114607-Boatright1]. The cleavage of Bid is required for crosstalk between the extrinsic and intrinsic pathways [@pone.0114607-Elmore1], [@pone.0114607-Boatright1]. To unravel the pathway by which MML induces apoptosis in A549 cells, protein contents of caspase-8 and caspase-9 were analyzed by immunoblot analysis. As shown in [Fig. 2D](#pone-0114607-g002){ref-type="fig"}, MML treatment increased the cleaved forms (18 kDa and 43 kDa) of caspase-8, but it did not trigger caspase-9 and Bid cleavages, indicating that MML induced the activation of caspase-8 in A549 cells. To further confirm whether the MML-induced apoptosis was caspase-dependent, the percentage of apoptotic cells was checked by Annexin V-PI double staining after a 24-h treatment with various caspase inhibitors such as Z-VAD-FMK (pan-caspase inhibitor), Z-DEVD-FMK (caspase-3 inhibitor), Z-IETD-FMK (caspase-8 inhibitor) and Z-LEHD-FMK (caspase-9 inhibitor). As shown in [Fig. 2E](#pone-0114607-g002){ref-type="fig"}, flow cytometric analysis revealed that MML-induced apoptosis was rescued by pan-caspase inhibitor, caspase-3 and caspase-8 inhibitors when compared with MML treatment alone, but not by caspase-9 inhibitor. A similar result was also obtained from MTT assay ([Fig. 2F](#pone-0114607-g002){ref-type="fig"}). Taken together, these results suggest that MML-induced apoptosis is driven primarily by extrinsic pathway rather than intrinsic pathway.

![MML induces caspase-mediated apoptosis in A549 cells.\
(A) A549 cells were treated with the MML as indicated concentrations (0--60 µM) for 24 h and then stained with FITC- conjugated Annexin V and PI. Apoptotic cells were measured by flow cytometer. (B) A549 cells were treated with 60 µM of MML for a time dependent manner. Apoptotic cells were then stained with Annexin V and PI and detected using flow cytometer. (C) Bar graph indicates the percentage of apoptotic cells (dose-dependent manner; top, time-dependent manner; bottom). Apoptotic population was evaluated by Annexin V positive, PI negative (AV+/PI-, white bar) and Annexin V and PI double positive (AV+/PI+, black bar) apoptotic cells. (D) Cells were treated with the MML as indicated concentrations (0--60 µM) for 24 h and Western blot analysis was performed to check apoptosis marker, caspase−3, −8, −9, Bid and PARP-1/2, respectively. GAPDH was used as loading control of Western blot analysis. (E) Cells were pretreated with or without each caspase inhibitor, Z-VAD-FMK (30 µM), Z-DEVD-FMK (30 µM), Z-IETD-FMK (30 µM) and Z-LEHD-FMK (30 µM) for 1 h and then treated with MML (60 µM) for 24 h. Apoptotic cells were stained with Annexin V and PI and then populations were detected by flow cytometer. (F) Cells were treated with caspase inhibitors and MML under the same conditions as the flow cytometric analysis and then cell viability was measured by MTT assay. Bar graphs indicate the percentage of cell viability (top) and the percentage of apoptotic cells (bottom), respectively. Apoptotic population was evaluated by Annexin V positive, PI negative (AV+/PI-, white bar) and Annexin V and PI double positive (AV+/PI+, black bar) apoptotic cells. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control; ^\#^ p\<0.05 compared with MML-treated group.](pone.0114607.g002){#pone-0114607-g002}

MML triggers autophagy in A549 cells {#s3c}
------------------------------------

Plant-derived natural compounds are known to exert their anticancer effects by inducing autophagy in human cancer cells [@pone.0114607-Zhang1]. Autophagy is a catabolic process forming double-membrane vesicles, termed autophagosomes [@pone.0114607-Mizushima1]. To investigate whether MML triggers autophagy in A549 cells, the morphological changes after MML treatment were checked. As shown in [Fig. 3A](#pone-0114607-g003){ref-type="fig"}, extensive cytoplasm vacuolization and formations of autophagosome-like vacuoles in MML-treated A549 cells were observed under the phase contrast microscopy. To confirm autophagy induction by MML, MDC staining and microtubule-associated protein 1 light chain 3 (LC3) immunostaining using fluorescent antibodies to LC3 were performed. MDC and LC3 are known as specific markers of autophagic vacuoles and autophagosomes, respectively, and puncta formation of LC3 into the autophagosome can be observed by confocal microscopy, which is used widely as reliable method capable of detecting autophagy [@pone.0114607-Mizushima1]. As shown in [Fig. 3A](#pone-0114607-g003){ref-type="fig"}, MML-untreated control cells showed diffused MDC-staining, whereas MML-treated A549 cells resulted in an increase of fluorescence intensity indicating extensive MDC-positive autophagic vacuoles. Moreover, the increased subcellular localization of punctate LC3 was also detected in MML-treated A549 cells compared with untreated control cells and LC3 puncta formation was increased in a time-dependent way ([Fig. 3B](#pone-0114607-g003){ref-type="fig"}). To further ascertain the autophagosome formation in MML-treated cells, the changes in the three major autophagy-related markers, LC3-II, Beclin-1 and ATG7, were analyzed by immunoblotting. ATG7 and LC3-II protein levels were remarkably increased in a dose-dependent way by MML treatment, but Beclin-1 level was slightly augmented ([Fig. 3C](#pone-0114607-g003){ref-type="fig"}). Together, these data definitely show that MML induces autophagosome formation in A549 cells.

![MML treatment induces autophagy in A549 cells.\
(A) A549 cells were treated with 60 µM of MML for 24 h and then morphological images were captured by phase contrast microscope (400×, P.C.). Arrows indicate the endogenous autophagosome-like vacuoles (left) and bar graph indicates the number of vacuoles per cell. Cells were treated with MML (60 µM, 24 h) and then cells were stained with MDC and LC3 antibody, respectively. MDC (bright color, middle) images were captured by fluorescence microscope and LC3 (green, right) fluorescent images were detected by confocal microscope (bar; 10 µm). Bar graph indicates the fluorescent intensity of LC3 FITC. (B) Cells were treated with MML (60 µM) for different time periods (0--24 h) and LC3 immunofluorescence staining was performed to detect autophagosomes. Nuclei were stained with DAPI. Images were captured using confocal microscope (bar; 10 µm). (C) A549 cells were treated with various concentrations of MML (0--60 µM) for 24 h. Western blot analysis was then performed with antibodies against ATG7, Beclin-1 and LC3, respectively. GAPDH was used as loading control. Bar graph indicates densitometry analysis of LC3-II/GAPDH ratio. A549 cells were treated with different concentrations of MML (0--60 µM) for 24 h (D) or 60 µM of MML for the different time course (E) and then immunoblot analysis was carried out using antibodies against p62 and LC3, respectively. GAPDH was used as loading control. (F) A549 cells were pre-incubated with or without chloroquine (CQ, 25 µM) for 1 h, then treated with MML (60 µM) for 24 h. Western blot analysis was performed using antibodies as indicated above. GAPDH was used as loading control of Western blotting. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control.](pone.0114607.g003){#pone-0114607-g003}

It is known that autophagosomes also accumulate when autophagic flux indicating the whole process of autophagy is inefficient [@pone.0114607-Thorburn1], [@pone.0114607-Livesey1]. To evaluate whether MML affects the autophagic flux in A549 cells, the level of p62 protein which is used to monitor autophagic flux [@pone.0114607-Thorburn1], [@pone.0114607-Livesey1] was checked by immunoblotting with its antibody. As shown in [Fig. 3D](#pone-0114607-g003){ref-type="fig"} and [3E](#pone-0114607-g003){ref-type="fig"}, the p62 level was markedly decreased by MML treatment in a dose- and time-dependent way. Moreover, to assess the effects of MML on autophagic vesicle turnover, the protein levels of p62 and LC3 II were checked by immunoblotting after a 24-h treatment with chloroquine (CQ) known as lysosomal degradation inhibitor. As shown in [Fig. 3F](#pone-0114607-g003){ref-type="fig"}, pretreatment with CQ significantly increased the levels of p62 and LC3 II compared to MML treatment alone. These results clearly suggest that MML treatment did not interfere with autophagic vesicle turnover. Collectively, these results certainly indicate that MML induced autophagy without impairment of autophagic flux in A549 cells.

Inhibition of autophagy by autophagy inhibitor or knockdown of Beclin-1 suppresses MML-mediated apoptotic cell death {#s3d}
--------------------------------------------------------------------------------------------------------------------

It has been recently documented that autophagy inhibition by a specific autophagy inhibitor, such as 3-methyladenine (3-MA), can promote apoptosis in human cancer cells [@pone.0114607-Thorburn1]--[@pone.0114607-Gump1]. Thus, we investigated the effect of 3-MA on the formation of LC3 puncta and autophagic vacuoles in MML-treated A549 cells. The punctate LC3 distribution and formation of MDC-positive autophagosomes in MML-induced cells were noticeably suppressed by 3-MA treatment ([Fig. 4A](#pone-0114607-g004){ref-type="fig"}). In addition, the co-treatment with MML and 3-MA significantly inhibited not only LC3-II accumulation but also caspase-3 and PARP cleavages ([Fig. 4B](#pone-0114607-g004){ref-type="fig"}). Then we checked the effect of 3-MA on the apoptosis induction using Annexin V/PI double staining. Annexin V/PI-positive cells were markedly decreased in cells co-treated with MML and 3-MA, compared with those treated with MML alone ([Fig. 4C](#pone-0114607-g004){ref-type="fig"}). Similar results were obtained by co-treatment of MML with CQ ([Fig. 4D](#pone-0114607-g004){ref-type="fig"}). These results obviously reveal that autophagy inhibition by 3-MA and CQ could suppress MML-induced apoptosis in A549 cells.

![Inhibition of autophagy by 3-MA suppresses MML-induced apoptotic cell death.\
(A) A549 cells were pre-incubated with or without 3-MA (10 mM) for 3 h and then incubated with MML (60 µM) for 24 h. Cells were stained with MDC (bright color) or LC3 (green) antibody, respectively. Nuclei were stained with DAPI (blue). Fluorescent images were obtained using confocal microscope (bar; 10 µm). (B) Cells were pretreated with or without 3-MA for 3 h before treatment of MML (60 µM) for 24 h. Western blot analysis was performed with antibodies against LC3, PARP-1/2 and caspase-3, respectively. GAPDH was used as loading control. Bar graphs indicate the ratio of cleaved caspase-3/GAPDH and LC3-II/GAPDH, respectively. (C) A549 cells were pretreated 3 h with or without 3-MA and treated with MML (60 µM) for 24 h and cells were stained with FITC-conjugated Annexin V/PI and then measured by FACS. Bar graph indicates the percentage of apoptotic cells. Percentage of apoptotic cells was evaluated by Annexin V positive and PI negative (AV+/PI-, white bar) and Annexin V and PI double positive (AV+/PI+, black bar) apoptotic cells. (D) Cells were pretreated with or without CQ for 1 h and then incubated with MML for 24 h. Immunoblotting analysis was performed using antibodies as indicated before. Cells were treated with CQ and MML under the same conditions as mentioned before and then cell viability was evaluated by MTT assay (bottom). Bar graph indicates the percentage of cell viability. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control; ^\#^ p\<0.05 compared with MML-treated group.](pone.0114607.g004){#pone-0114607-g004}

More specific inhibition of the autophagy pathway can be achieved by knockout or knockdown of autophagy-related (*ATG*) genes and *Beclin-1* gene. To further confirm whether autophagy can regulate apoptosis, Beclin-1, a critical regulator of autophagy, was knocked down using small hairpin RNA (shRNA) and then changes of endogenous autophagosomes were checked by LC3 immunostaining. As shown in [Fig. 5A](#pone-0114607-g005){ref-type="fig"}, endogenous LC3 distribution is markedly decreased in MML-treated Beclin-1 knockdown cells (shBeclin-1) compared with MML-treated shControl cells. Moreover, as shown in [Fig. 5B](#pone-0114607-g005){ref-type="fig"}, knockdown of *Beclin-1* gene markedly suppressed Beclin-1 protein expression and the accumulation of LC3-II compared to shControl. Consistent with the results using 3-MA and CQ, caspase-3 and PARP cleavages were also significantly inhibited by repression of autophagy through knockdown of *Beclin-1* gene. MTT assay result also showed that the cytotoxic effect of MML was significantly reduced by knockdown of *Beclin-1* gene ([Fig. 5C](#pone-0114607-g005){ref-type="fig"}). Taken together, these results clearly demonstrate that autophagy inhibition by 3-MA and CQ or Beclin-1 knockdown prevented MML-induced apoptosis in A549 cells.

![Knockdown of *Beclin-1* gene suppresses MML-induced apoptotic cell death.\
(A) Control and Beclin-1 knockdown cells were treated with MML (60 µM) for 24 h and then LC3 immunofluorescence staining was carried out for detecting autophagosomes. Nuclei were stained with DAPI. Images were captured by confocal microscope (bar; 10 µm). (B) Knockdown cells (shControl, shBeclin-1) were treated with MML (60 µM) for 24 h. Western blot analysis was performed with antibodies against Beclin-1, LC3, PARP-1/2 and caspase-3, respectively. GAPDH was used as loading control. Bar graphs indicate the ratio of LC3-II/GAPDH and cleaved caspase-3/GAPDH, respectively. (C) Control and Beclin-1 knockdown cells were treated with MML (60 µM) for 24 h and then cell viability was measured by MTT assay. Bar graph represents the percentage of cell viability. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control; ^\#^ p\<0.05 compared with MML-treated group.](pone.0114607.g005){#pone-0114607-g005}

MML induces autophagy through decrease in p53 levels {#s3e}
----------------------------------------------------

It has been recently reported that p53 plays a crucial role in the regulation of autophagy [@pone.0114607-Levine1]--[@pone.0114607-ChiaraMaiuri1]. To investigate whether p53 is involved in MML-mediated autophagy, thus, the levels of p53 and LC3-II protein were examined by immunoblotting. As shown in [Fig. 6A](#pone-0114607-g006){ref-type="fig"}, MML treatment remarkably reduced p53 levels compared with untreated control cells, but increased LC3-II levels. In addition, caspase-3 and PARP cleavages were also increased by MML treatment. Furthermore, LC3-II levels and cleaved caspase-3 and PARP levels were significantly increased in cells co-treated with MML and pifithrin-α (PFT-α), a pharmacological p53 inhibitor, compared with those treated with MML or PFT-α alone. These results clearly indicate that reduction in p53 levels by MML could enhance induction of autophagy and apoptosis in A549 cells harboring wild-type p53. To further confirm the role of p53 in MML-induced autophagy, autophagosomes were investigated by LC3 immunostaining. As shown in [Fig. 6B](#pone-0114607-g006){ref-type="fig"}, a significant accumulation of LC3 puncta was observed in cells co-treated with MML and PFT-α, indicating augment of autophagy induction by p53 loss. In addition, the percentage of Annexin V/PI-positive cells was about 10% higher in cells co-treated with MML and PFT-α than those treated with MML alone ([Fig. 6C](#pone-0114607-g006){ref-type="fig"}). These results strongly suggest that MML-induced autophagy and apoptosis are closely related with p53 loss.

![MML-induced autophagy is associated with the decrease in p53 levels.\
(A) A549 cells were co-treated with or without pifithrin-α (PFT-α, 20 µM) and MML (60 µM) for 24 h. After that, immunoblot analysis was performed with antibodies against p53, LC3, PARP-1/2 and caspase-3, respectively. Bar graphs indicate the ratio of LC3-II/GAPDH and the cleaved caspase-3/GAPDH, respectively. (B) A549 cells were co-treated with or without PFT-α (20 µM) and MML (60 µM) for 24 h and then immunofluorescence staining was performed using LC3 (green) antibody. Nuclei were stained with DAPI (blue). Fluorescent images were obtained using confocal microscope (Bar; 10 µm). (C) Cells were co-treated with or without PFT-α (20 µM) and MML (60 µM) for 24 h and apoptotic cells were stained with FITC-conjugated Annexin V/PI and analyzed by flow cytometry. Bar graph indicates the percentage of apoptotic cells. Percentage of apoptotic cells was evaluated by Annexin V positive and PI negative (AV+/PI-, white) and Annexin V and PI double positive (AV+/PI+, black) apoptotic cells. All data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 and \*\*p\<0.01 compared with control; ^\#^ p\<0.05 compared with MML-treated group.](pone.0114607.g006){#pone-0114607-g006}

MML induces autophagy through p53-mediated AMPK/mTOR pathway {#s3f}
------------------------------------------------------------

It is known that autophagy triggered by p53 loss is closely associated with AMP-activated protein kinase (AMPK) activation and an autophagy suppressor, the mammalian target of rapamycin (mTOR) inhibition [@pone.0114607-Levine1]--[@pone.0114607-Mihaylova1]. To confirm whether p53-mediated AMPK/mTOR pathway is involved in MML-induced autophagy, therefore, the levels of p53 and the phosphorylated forms of AMPK and mTOR were examined by immunoblotting. As shown in [Fig. 7A](#pone-0114607-g007){ref-type="fig"}, the levels of p53 and phospho-mTOR were remarkably decreased by MML treatment, whereas the levels of phospho-AMPK and phospho-Acetyl-CoA Carboxylase (ACC), an AMPK substrate, were significantly increased. In addition, MML treatment also augmented LC3-II protein level as well as cleaved PARP and caspase-3 levels, compared with those of control cells. These results suggest that the levels of p53 reduced by MML treatment are correlated with the levels of activated AMPK and attenuated mTOR, which leads to induction of autophagy and apoptosis. Moreover, as shown in [Fig. 7B](#pone-0114607-g007){ref-type="fig"}, the levels of p53 were gradually increased and peaked at 6 h after MML treatment and then dramatically decreased. However, the phosphorylation levels of AMPK and ACC were increased at 9 h after MML treatment, whereas the level of phospho-mTOR was decreased. The level of LC3-II form was increased in a time-dependent manner which began at 6 h and then gradually increased, verifying autophagy induction by MML treatment. Subsequently, the cleaved forms of caspase-3 and PARP were detected at 9 h treatment with MML and were reached a maximal level at 24 h.

![MML induces autophagy through p53-mediated AMPK/mTOR pathway.\
(A) A549 cells were treated with or without MML (60 µM) for 24 h and Western blot analysis was performed with antibodies as indicated above (p53, p-AMPK-α, AMPK-α, p-ACC, ACC, p-mTOR, mTOR, LC3, PARP-1/2, caspase-3). (B) A549 cells were treated with MML (60 µM) for the different time period as indicated above. Immunoblot analysis was performed with antibodies as indicated before. Bar graphs show the densitometry analysis of p53, p-AMPK and mTOR (bottom). Each graph indicates the ratios of p53/GAPDH, p-AMPK/AMPK, p-mTOR/mTOR and LC3 II/GAPDH, respectively. (C) A549 cells were treated with or without compound C (10 µM) for 1 h and treated with MML (60 µM) for 24 h. Immunoblotting analysis was performed with antibodies as indicated above. Cells were treated with same conditions as indicated before and then cell viability was measured by MTT assay. Bar graph represents the percent of cell viability (bottom). (D) Control cells and shp53 knockdown cells were treated with MML (60 µM) for 24 h and then Western blot analysis was performed with antibodies as indicated before. Cell viability was measured by MTT assay under the same conditions as mentioned above. Bar graph indicates the percent of cell viability (bottom). All data were expressed as mean ± SEM of three independent experiments. \*\*p\<0.01 compared with control; ^\#^ p\<0.05 compared with MML-treated group.](pone.0114607.g007){#pone-0114607-g007}

To clarify whether MML-triggered AMPK activation leads to autophagy induction, the protein levels related to AMPK signaling pathway were analyzed by immunoblotting after a 24-h treatment with compound C (comp C) known as AMPK inhibitor. As shown in [Fig. 7C](#pone-0114607-g007){ref-type="fig"}, pretreatment with comp C significantly decreased phospho-AMPK and phospho-ACC levels compared to MML treatment alone, whereas phosphorylated mTOR was increased. As a result, LC3 II level was clearly decreased by comp C, indicating autophagy suppression by AMPK inhibition. These results clearly suggest that MML-induced autophagy is activated by AMPK activation. To further confirm the relationship between p53 and AMPK in autophagy induction, we constructed p53 knockdown cell line and then levels of p53 and phosphorylated AMPK were analyzed by immunoblotting after MML treatment. As shown in [Fig. 7D](#pone-0114607-g007){ref-type="fig"}, p53 level was markedly decreased in MML-treated p53 knockdown cells (shp53) compared with MML-treated shControl cells. Moreover, phosphorylated levels of AMPK and ACC were also remarkably increased in MML-treated p53 knockdown cells, whereas phospho-mTOR level was decreased. Consequently, p53 silencing enhanced LC3 II level, which indicates autophagy induction. Taken together, these results suggest that MML treatment triggers autophagy via p53-mediated AMPK/mTOR signaling pathway, which leads to apoptosis in A549 cells.

On the other hand, recent studies revealed that MAP kinase signaling pathway, including ERK1/2 and p38, plays an important role in regulating autophagy induction [@pone.0114607-Lee1], [@pone.0114607-Aredia1], [@pone.0114607-Zeng1], [@pone.0114607-Cagnol1]. To investigate whether activation of MAP kinases by phosphorylation is involved in MML-induced autophagy, therefore, when the levels of the phosphorylated forms of ERK1/2 and p38 were examined by immunoblotting, any change in their levels by MML treatment was not observed ([S2 Figure](#pone.0114607.s002){ref-type="supplementary-material"}).

Discussion {#s4}
==========

Several natural compounds derived from plants were recently reported to cause cancer cell death by induction of autophagy in various human cancer cells [@pone.0114607-Tan1], [@pone.0114607-Zhang1], [@pone.0114607-Hung1]--[@pone.0114607-Kaewpiboon1], [@pone.0114607-Lee1]. In this study, we have shown for the first time that mimulone (MML), a compound from the *Paulownia tomentosa* fruits, induces autophagy as well as caspase-mediated apoptosis in human lung cancer cells. Furthermore, we firstly found that autophagy inhibition significantly attenuated apoptosis, which is in contrast with the previous results reported to date [@pone.0114607-Zhang1], [@pone.0114607-Kollr1], [@pone.0114607-Thorburn1]--[@pone.0114607-Tasdemir1], [@pone.0114607-Mihaylova1]--[@pone.0114607-Livesey1]. Our results presented the MML could prevent cell proliferation and trigger caspase-mediated apoptotic cell death in A549 cells, as demonstrated by MTT assay, Annexin V/PI double staining, caspase inhibition and PARP cleavage following caspase-3 activation. MML treatment also triggered autophagy, as evidenced by MDC staining, LC3 immunostaining and the accumulations of LC3-II, Beclin-1 and ATG7, which are commonly known as methods for monitoring autophagy [@pone.0114607-Mizushima1].

LC3-II, Beclin-1 and ATG7 play indispensable roles in autophagosomes formation and especially LC3-II is the most reliable biomarker of autophagy, as it is well established that LC3-II levels are directly proportional to autophagosome formation [@pone.0114607-Mizushima1]--[@pone.0114607-Levine1]. In this study, we demonstrated that MML augments LC3-II, Beclin-1 and ATG7 levels in a dose-dependent way in A549 cells, as characterized by immunoblotting. This result is in agreement with recent reports [@pone.0114607-Xi1], [@pone.0114607-Kaewpiboon1] that paclitaxel and feroniellin A, natural compounds from plant, enhanced Beclin-1 and LC3-II levels in A549 cells. Moreover, our result demonstrated that MML triggers autophagy without interfering with autophagic flux in A549 cells, as evidenced by the changes of p62 and LC3-II levels after treatment of MML and CQ, which is consistent with a recent report [@pone.0114607-Jing1] that docosahexaenoic acid (DHA) induced autophagy without impairment of autophagic vesicle turnover.

Many recent reports have demonstrated that autophagy inhibition by pharmacologic inhibitors, such as 3-MA and wortmannin, or genetic knockdown of several important autophagy-related genes, such as *ATG5*, *ATG7* and *Beclin-1*, enhance apoptosis induced by natural compounds or other chemotherapeutic agents, indicating that autophagy provides a protective mechanism against apoptosis induced by anticancer drugs [@pone.0114607-Zhang1], [@pone.0114607-Lee1], [@pone.0114607-Thorburn1]--[@pone.0114607-Tasdemir1], [@pone.0114607-Mihaylova1]--[@pone.0114607-Livesey1]. In addition, a recent study also reported that paclitaxel-mediated apoptotic cell death in A549 cells was promoted by pretreatment with 3-MA or knockdown of *Beclin-1* gene [@pone.0114607-Xi1]. Contrary to these reports, however, our present study clearly demonstrated that autophagy inhibition by 3-MA and knockdown of *Beclin-1* gene significantly decreases MML-induced apoptosis in A549 cells, as indicated by decreased levels of morphological and biochemical characteristics, including cell viability, Annexin V/PI-positive cells, caspase-3 and PARP cleavages, LC3 puncta accumulation as well as MDC-positive vacuole formation and Beclin-1 and LC3-II protein levels. Our results are consistent with a recent report [@pone.0114607-Kaewpiboon1] that repression of Beclin-1 expression by siRNA decreased FERO-induced apoptosis in A549RT-eto cells. These results suggest that autophagy can serve as a cytotoxic mechanism against apoptotic cell death induced by natural compounds.

It is well documented that inhibition of p53 by a pharmacological inhibitor or gene knockdown induces autophagy [@pone.0114607-Levine1]--[@pone.0114607-ChiaraMaiuri1]. In the present study, our result demonstrated that MML significantly reduces the protein level of p53 and consequently induces autophagy in A549 cells.

Autophagy process is known to be regulated by MAP kinase signaling pathway, including ERK1/2 and p38 [@pone.0114607-Aredia1], [@pone.0114607-Cagnol1], and recent studies also proved that autophagy in some types of cancer cells was triggered through ERK1/2 activation by natural compounds, including dendropanoxide [@pone.0114607-Lee1], aristolochic acid I [@pone.0114607-Zeng1], and daunorubicin [@pone.0114607-Han1]. In the current study, we found that MML-induced autophagy is not associated with activations of ERK1/2 and p38 pathways. Instead, our results clearly showed that MML triggers autophagy through activation of AMPK and inhibition of mTOR. Moreover, AMPK inhibition by comp C significantly decreased autophagy induction, which leads to reduced cytotoxic effect by MML, demonstrating MML-induced autophagy through activation of AMPK and inhibition of mTOR. On the other hand, autophagy induced by p53 loss is well known to be closely associated with activation of AMPK and inhibition of mTOR [@pone.0114607-Levine1]--[@pone.0114607-Mihaylova1]. Similarly, the present results also revealed that shRNA-mediated depletion of p53 enhanced activation of AMPK and inhibition of mTOR, which resulted in a significant augment of autophagy induction in A549 cells. Taken together, our results demonstrated that the decrease in p53 levels by MML enhances induction of both autophagy and apoptosis through p53-mediated AMPK/mTOR signaling pathway in A549 cells with wild-type p53. These results are in accordance with a recent report [@pone.0114607-Jing1] that docosahexaenoic acid (DHA) induced autophagy via p53/AMPK/mTOR signaling and enhanced apoptotic cell death in human cancer cells with wild-type p53. On the other hand, considering that DHA may induce autophagy via other mechanisms besides the p53 pathway [@pone.0114607-Jing1], it is possible that MML-triggered autophagy may be also mediated in part by p53-independent mechanisms.

In conclusion, we have presented for the first time that MML treatment in human lung adenocarcinoma A549 cells induces autophagy via p53-mediated AMPK/mTOR signaling and autophagy inhibition reduces MML-induced apoptosis. Our data in this study suggest that MML may be potential new drug candidate for treating human lung adenocarcinoma. To verify whether MML can be a clinically useful anti-cancer agent for treatment of human lung adenocarcinoma, further studies are needed to assess the potential toxicity of MML to normal tissues and its ability to suppress tumor growth in a subcutaneous human lung cancer xenogarft model.

Supporting Information {#s5}
======================
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MML increases sub-G1 phase in A549 cells. (A) A549 cells were treated with MML at different concentrations (0--60 µM) for 24 h and stained with PI. Cell cycle was analyzed by flow cytometer. (B) Bar graph indicates the percentage of sub-G1 phase cells. Data were expressed as mean ± SEM of three independent experiments. \*p\<0.05 compared with control.

(TIF)

###### 

Click here for additional data file.

###### 

MML-induced autophagy was not involved in MAPK signaling pathway. (A) A549 cells were treated with 60 µM of MML for time-dependent manner and then immunoblot analysis was performed with antibodies against p-p38, p38, p-ERK 1/2 and ERK 1/2, respectively. GAPDH was used as loading control of immunoblotting. (B) Bar graph represents densitometry analysis of p38 and ERK. Data were expressed as mean ± SEM of three independent experiments. N.S: no significance.

(TIF)

###### 

Click here for additional data file.
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